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ABSTRCT

An analytical and experimental investigation of "plasma"

magnetrons with smooth-bore anodes is described. Secondary-

emission yield of several materials is investigated and the

region in which limiting anode currents are obtained is re-

lated to the operation of conventional magnetrons. Basic

phenomena caused by Philips-ion-gage discharge particles are

described, with particular emphasis on the sheath region.

The phencwna underlying the build-up of anode current are

elucidated.
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I. ITOD•CTION

The magnetron with a distributed-emission cathode has been

shown to convert dc to ac with high efficiency.112 Plasma-magne-

trons with smooth-bore anodes have been investigated for the pur-

pose of increasing the output power of magnetrons as well as for

exploring the plasma boundary in a magnetic field. 3

The behavior of such tubes depends largely on the secondary-

emission yield of the cathode material. The higher-yield cathode

is used with lower anode voltages, where appreciable turbulent

flow into the anode occurs even under very pod vacue conditions.

With lover-yield secondary-emission cathodes, the anode-voltage

can be increased to a fairly high value without any appreciable

anode current. In the latter case, mny of the carriers are

supplied through an ionization process.

The region where the anode current increases rapidly with the

anode voltage for an aliminma or a masgesiu cathode, which has a

high secondary-emission ratio, should be related to the operation

of usual magnetrons. This region has been investigated for the

purpose of getting optimum dimensions of the interaction space.3',

A region where the anode-voltags builds up without an appreciable

anode current, as obtained with a stainless-steel cathode which

has a comparatively low secondary-emission yield, may be interesting

for another reason. The high-energy particles, which move back

and forth along the curved magnetic-field lines owing to PIG

action, may cause a high kinetic temperature in the plasma. 3 , 5

The experiments to be described were planned to investigate

the basic phencmena caused by the PIG-discharge particles, with

particular emphasis on investigating the sheath region. Though

magnetron structures mere used for the experiment, it may be

posqible to replace one metal boundary with a plasma. In this

situation both electron and ion sheaths are possible, depending

on the potentials. Although only metal boundaries are discussed

in this report, It may also provide same basic information about



(II. *ECPERI MAL PROMM)
the ion sheath as the counterpart of the electron sheath.

The most interesting results have been obtained in the in-

vestiption of the space-charge behavior of a magnetron with a

stainless-steel cathode. Since the low secondary-smission yield

of the stainless-steel cathode allows the anode voltage to be in-

creased to more than a few tens of kilovolts without an appreciable

anode current, many interesting phenomena have been revealed that

were previously hidden behind the build-up of the anode current

in manetrons with aluminim or magnesium cathodes.

As an application to the investigtion of the motion of'

particles in crossed fields, the values of the fields for optimal

bunching in a magnetron are also obtained.

All formulas are in Mi units unless otherwise specified.

The experimental equipment used is shown schematically in

Fig. 1. The noise at the anode, the cage-current characteristics,

Choke

Water cathode /anode

resistor d)
7kfl(d

dc C
0 - 50kv W

oscilloscope

ýT1 for' magnet

Fig. l.--Schematic of experimental equipment.
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(II. ECPERINEITA PROCuDiMM)
and the frequency spectra. in a given frequency region were measured

as the experimental factors of primary interest. The relation be-

tween anode voltage and anode current under various magnetic fields

was also investigated.

,,axis of symmetry

c pper &no cage

filament

,0c ( h lea 4 ,yokec 2dim)

cathode

C I
I drIr/

), 2 i - -
I C

Fig. 2.--Illustration of devices tested.

The devices tested are shown in Fig. 2. The data relating

to the three devices, which are described in Table 1, will be pre-

sented in the following pages. The cages installed in their

TABLE I.--Devices tested.

Symbol of Cathode d ober Tungsten
device material () (c) (cm) f capes filament

SS-2.4 Stainless Steel 15.26 10.5 2.r 2 yes

SS-1.1 Stainless Steel 15.26 13.0 1.1 2 yes

Al-2.45 Aluminum 15.11 10.5 2.4 3 no

respective devices are mmbered from the one nearest to the cen-

tral part of the device. They are used for diagnosing the character

of PIG-discharge electrons in the interaction s#ae. A tungsten

- 3'-



(III. MCAR ISTICS)

filament, projecting several millimeters from the stainless-steel

cathode into the anode-cathode space, at the cawe position, is

used for detecting the frequency spectra of PIG-discharge current.

(It was installed originally to provide more electrons, to compen-

sate for mall secondary emission.)

The value of the magnetic field produced by the magnet coil

refers to the central part of the device. If nothing is noted

about the anode condenser (C. - 0.5 Pt), it may be understood that

it is removed from the equipment. A hydrogen leak issued for

controlling the gas pressure inside the devices (85-2.1.) and

(ss-1.1).

III. I RlATIONS AMONG ANODE VOLTAGE, ANODE CUUT AND MAITIC FIEL

Voltage-current characteristics for (8S-2.4) are illustrated

in Fig. 3 with magnetic field and hydrogen pressure as parameters;

625 gauss
Vd 4 312

8.5x 10"5 mm of Hg
o312 gauss (Ws-2.4)

30.

I 
5 25.5 x 105 mm of Hg

(SS-2.4)

20

3 u625 suss1 2 g a u ns•. . 3 32 g au e s s

io,• /3.11 x 1o" ,- of Hg (Al-2.115)

0.5 1 1.5
Id (amp)

Fig. 3.--Coaarlson of voltage-current char-
acteristics for (88-2.1) and (Al-2.45).

- . -



(III. CHARACTERISTICS)

they are ccmpared with the characteristics for (Aa-2.45). The

difference between the secondary-emission yields of the stainless-

steel and the aluminum cathodes accounts for the markedly different

characteristics. The hydrogen pressure does not greatly affect

the value of anode voltage where the anode current builds up ab-

ruptly for (SS-2.4). A relation between anode current and gas

pressure is shown in Fig. 4, which gives a linear dependence of

Id on p (pressure).

150d Vd 20kv

B 625 gauss

(ma) 400

300,

2000

200'

040

100

0

p( x 1.7 x 10.' mm of Hg)

Fig. 4.--Illustration of linear dependence of
Id on p.

Fran Figs. 3 and 4 we see that the I-V characteristic does

not appreciably change with pressure, except for the smooth in-

crease in current at a given voltage. From this result we may

infer that the basic space-charge pattern in the crossed-field

region is not greatly affected by the gas pressure (measurements

have been made below 10-3 of Rg) but the electron scattering

"5-



(III. cN OTEA• ISTIcs)
towards the anode i5 affected by the pressure. 7  This result is

easily conceivable if the manetic pressure in considered to be

much higher than the gas pressure. Suppose Va - 10 kV, B - 0.0312

weber/m2, and a leminar-flow situation holds. A simple calculation

shows that the electron circulating current amounts to 28.7 amp/a,

which determines the difference between the magnetic fields at

anode side and at cathode side in the gap region. The corresponding

difference of the pressures at both sides may be expressed as

Ap= B.AH (1)

where L H is given by the circulating current. If B - 0.0312

weber/m2 and AHm28.7aUp/m, ap =0.9N/m2 = 70 pig. This
calculation illustrates the fact that much higher density of ions

than that given by the Ws pressure does exist on the surface of

the cathode.

The voltage-current characteristics for the (SS-1.1) device,

whose separation distance between anode and cathode is about half

that of (SS-2.4), are illustrated in Figs. 5 and 6.

The bumps in the I-V characteristic for the narrow spacing

were not found in the previously discussed devices. However, the

symptcos of these irregularities are found even in the (SS-2.J)
device when noise-measurements are made with it. These irregular-

ities are described in the latter sections.

The crest value of the anode current at a bmp increases with

gas pressure and the corresponding voltage is determined only by

the magnetic field. The value of both the voltage and the current

at the crest increases with increasing magnetic field. The crest

value my be considered to correspond to the "maximu-current

boundary" for the device. It is strongly affected by the surface

condition of the electrode. If the secon4ary-mission ratio of

a surface is very high the maximm-current boundary becomes cozres-

pondingly large. With the aluminam cathode, for example, it was

not attainable owing to power limitations.

-6-



(III. CNOATEMcTICST)

vd 3 13 gause, 5 x 10o 5 M of g 625 amuse, 5 x 1o'g

(kv)
25A

Iamuss, 13 x 10-5 of Re

313 gluss,
13 x 10

iMM of Hg

/. 1250 gause, 5 x 10 -5
1 5 

Nr 5 0 S m t

13 x 10 maof Ng

[ • / _J • -'• 625 amuse, 1.3 x 1o-5 = of
• --./o" • 625 amse, 5 x 10-5 M of Ra

5--

625 gauss, 13 x of- Hgo N

2313 auuss, 5 x 10- - of Hg

100 200 Id(ma) 300 •40 500
Fig. 5.--Voltage-cu-rent ohracteristics for

(88-1.1) without awOe condenser.
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(III. MAC~wTERISTICS)

(kv)

2190 gauss

25-

20- 1

3135

+/

+1250

5~- 625nd65 as

1.otex 10 -of Egfr

313 gauss for the others

0100 200 30050
I d(ma)

Fig. 6.--Voltage-current chmractriatics for

(SS-1.1) vith anode couneaser.
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(Iv. OIsz AT ANODE)

IV. NOISE AT ANODE

The noise camponent of the anode voltage was measured with an

oscilloscope and the approximate effective value is plotted as a

function of the dc anode voltage and the magnetic field in Figs.

7 through 12. Since the pattern of the anode noise is quite var-

iable, as shown in Fig. 10, a value of noise voltage read from an

ordinate has only a qualitative meaning.

The data in Figs. 7 and 11 are taken without anode condenser

for the (SS-2.4) and (8S-1.1) devices, respectively; the high noise

voltage observed has usually a fundemental frequency in the range

from several tens to a few hundreds of kilocycles. This large

amplitude of noise has no particular dependence on the dc anode

voltage, magnetic field and hydrogen pressure. The anode capaci-

tance of 0.5 4f can stop the large variation of the anode voltage,

as is clear from Figs. 8, 9, 10, and 12. The noise component, in

this case, previously hidden behind the large amplitude of low-

frequency noise, appears over the higher-frequency region. The

condenser, which is effective in shorting the noise voltage in the

hundred-kilocycle region, behaves like an inductive reactance for

the megacycle noise frequencies. The noise observed with the con-

denser inserted is characterized by a fundamental frequency in the

range beyond about 10 Me and by being modulated with a frequency

between several tens and a few hundreds of kilocycles.

The correlations between Fip. .l and 5 and between Figs. 12

and 6 are remarkable in that the peaks in anode current are alwys

accompanied by the peaks in anode noise. It should be particularly

emphasized that the positions of the noise curve peaks in the lower

magnetic-field region (shown in Figs. 7, 8, .1., and 12) change

approximately as a function of Vd./B2. Scme typical examples are

indicated with the marks of arrows connected by dotted lines. The

Vd/E 2 value is kept constant along each dotted line. On the other

hand it appears that the Vd/D value is kept constant in the higher

magnetic-field region as shown by the simple arrommarks in Fig. 7.

"-9-



Noise (IV. NOISE AT ANODE)
(v) 187 ouss
500- unstable

250'

Ol " " I \ I , I0-) 0 \io 20 V,(kv))t 250 a.n
501

250-

S010 20
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(IV. NOISE AT ANODE)

Noise

(v) o ' 20 V(v

20" 250 guge

10(m) 0  10 20 Vd(kv)

20 6 375 gauss

m 0 10 20 %dIkv)

eo 625 gauss

10
m 010 20 Vý(k,,)

201 I000 gauge

20,

1875 gaugs
10-

0
0a 0 20 V%(kv)

Fig. 8.--Anode noise characteristics tith

anode condenser at 1.7 x 10" m of H9
for (ss-2.1).
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(IV. NOISE AT AaoM)

250 gauss for Fig. 9

a - -m 10Wxo20v

2000 gauss for Fig. 9
300 gmuss (Vd =

b 4&01• $,_ - ..{o g20v 4Jl 4.4.4.4 j20v

319 gauss
C -*-L I B p p * I

S•s/unit section
625 sauss 2500 gauss

SIMF s 10kv, h2 -"- W,1 I s
*is/uLt secAion 5ms/ t section

1125 gauss 20kv, 625O5 auss,

d I ,L ft.,.l ý..AL 8. 5 x 10 " = of g
e V T T T, rw- -W yfo v 2000v

I 1 i I I 1I I -I I 
-A ft - se 't ' i I I

lOus/unit section 10ls/unit section

1625 muss 4kv, i 160 5giuse,
162 rus 1.T 1 0"- = of Hg

f " " r -A-1 0 00 V

5ins/uit section 20ps/unt seatlion

Fig. 10.--Anode noise patterns for (08-2.4)t
a-h, with &aodp eondenser (lav,

14. x 10"4 - of Hg);
i-J, without anode condenser.
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(kN) (IV. NOISE AT ANODE)

(kv)00 av
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33625 us-5
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" 10 2
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(IV. NOISE AT ANODE)

Noise
(v)
20 313gauss413x 10 -mm of Hg

10

(V) 10 2o Vd(kv)20-•I 625 gsus!4•
1.3 x 10 -- of Hg

') Ib V•(kv)
(v~ln•93_7•gus

10 mmofg
Id builds up

()0 10 20 Vd(kV)_
0-d f20

(V) 0o to CT

(v0 10 20 o N

0 10 20 Vd (kV)

Fig. 12.--A0ode noi1 25arsoteritiasa aith

a~node condenser for (SS-i.I).
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The high-frequency components of the modulated wave pattern.

shown in Fig. 10 were not investigated systematically, because of

measurement difficulties. However, it has been observed that the

frequency ranges over a band of a few tens of megacycles, and does

not change appreciably vith the magnetic field or the anode voltage.

Occasionally it increases a little with the anode voltage. Also

occasionally it was found to change in proportion to the drift

velocity.

The value of the frequency of about 100 kc, vhich is observed

as the anode noise without the anode condenser, is not caused by

the external circuit, as discussed below. The capacitance between

anode and cathode(ground ),which is estimated to be a few hundred

picofarads, and the water-resistor of about 7 K at the anode

circuit correspond to a time constant of about 1 psec--about the

same &a the restoring time of the anode voltage in Fig. 10-i.

The probable cause of the large amplitude of noise is a periodic

ion-depletion, where the period is mainly determined by a diffusion

time for the neutral W from the cathode area to the anode area.

The succeeding ionization process is expected to occur and cease

ccmparatively rapidly. The following numerical calculation tends

to support this assumption. Suppose the temperature of the

neutral gas is 1000 C (since the electrodes are water cooled): the

average velocity in the radial direction is

:*r-_2kTSa9-: 11100 n/sec

for the bydrogen-atca gas. This value requires about 17 Psec
for an atea to pass through the whole separation distance between

anode and cathode of the (S8-2.4) device. If we ccmpare this time

with the period of the relaxation oscillation in Fig. 10-i, for

eximpe, we see that the two times agree fairly well.

If the anode voltage is relatively mall in terms of the

magnetic field, the cyclotron diimeter of an ion can beone oimaller

than the separation distance between anode and cathode and it may

stay in the interaction "saee for a relatively long time. A

plamsa layer may be expected around the cathode for this situation

- 16 -



(V. 31010 OBBSnVAIOuS ME PROBE)

and various kinds of plaoma instabilities my occur. 8 he voltage

pattern shown in Fig. 10-j may be attributed to this kind of

phenomenon.

V. OE8•VATIONS OF NOISE WIN TUNGSTIN PROBE

Since the anode noise is only indirectly related to the cir-

cumferential motion of the electrons, direct measurements of this

motion cannot be obtained from the external circuit. A probe

should therefore be used for the further investigstion of the

space-charge behavior. Figure 13 shove examples of the frequency

spectra of the tungsten-probe noise. Though similar behavior is

observed vith the anode noise as well as vith the cage noise, the

tungsten probe vas found to be most useful for the measurement of

the effects of the circulating electron beam. Circulating fre-

quencies are indicated in the figure that are calculated from the

familiar relation9

f r-
f [i 1V l- d/ J (2)
fcir ' 2 ;. - 11 - (VdV ) ]2

where fc is the cyclotron frequency of electron and Vc is the

cutoff voltage of the magaotron.

From Fig. 13(a) to (f), the anode voltage is fixed at 20 kv

and the magnetic field is taken as the parmeter. It MAY be noted

that a sbarp peak noise is found in the region near 438 sauss,
and a broad peak noise exists in the region near 1500 gauss. The

results of various observations including Fig. 13 signify that
there are many modes over a vide frequency range in the cavity

space and that some of them are excited by the circulating electron

beam. If the frequency of a mode is related to the circulating

frequency by an integral ratio, the mode is strongly excited.

Since many modes are distributed over a broad frequency raip, the

noise-spectrus patterns appear to be modulated vith the circulating

frequency and its hazuonics.

If the anode voltage and the magnetic field are in a certain

relation the noise is very large, whch seems to indicate the

- 17-



(V. NOISE OBSERVATIONS WITH PROBE)

20kv, 312uBs fcir = 68. 4Ic

(a) 5 10 2 ' I'"

20kv, 375 gauss fcir 54.61c

(b 1 & 200 300MC

k 438 gauss fcir I "46 w

(C) d N

20kv, 500 auss fcir -

(d) 'I ' ' '0

\JYJ fcir , 1d2.8Nc

20kv, 1500 gauss
(e) _ _ _ _ _ _ _ _ _ _ _ _

58 1 ~~1002030K
20kv, 1950 gauss fcir = 9.84mc

16kv, 3753

(g) Ch JK I A. K
50 200",o 0:

(h) :•ý% .,I 5 i A : fkl A,

8kv, 375 gauss fcir - 20.1Wo

Fig. 13.--Noise spectra for tungsten fuirmnt at 5.1 x io-5
me of (%VA, 02.4).



(V. Xosz oWssvAnoNs WIM iRoiu)
formation of strong bunches. According to Fig. 13, a strong bunch

may be formed at 20 kv, 4W pauss and at 14 kv, 375 puss. %oese
ombinations exactly correspond to the second noise peaks of the

noise curves in Fig. 7 in spite of the difference in the ps

pressures in the tvo cases. Since there is a noise peak in the

high-field region (see Fig. 13-3), we might expect that bunching

action also takes place there. A possible plasma formation, vhich

chan s the effective cathode position, my be responsible for the

broad-peak characteristic in the higher magnetic-field region.

Vd - 20kv 5 50-Mc noise

P 5.1 x 1
M of Hg 6',

/

/1/ , . •40-Mc noisep , i . _. _.-

0 500 B(gauss)

Fig. i4.--Noise at tungsten filament for particular
frequencies (5.1 x 10-5 ma of Hg, 86-2.4).

Figure 14 depicts the presence of particular mode frequencies.

One resonance frequency is very close to 50 Nc. The nnuber of

bunches was explored from the frequency spectra in the higher fre-

*quency range. The higher harmonics usually made it difficult to

determine the exact frequency. In the cases depicted in Fig. 13

(W) and (e), the conspicuous noise peaks vere found in the higher-

frequency region: around 1250 Me for (a) and around 220 Me for (e).

If the circulating frequencies are taken fro the calculated values,

the ratios of noise-peak to rotation frequency are about 18 and

17, respectively, for the umber of bunches. Since the value of

2x %/d is about 17 (here Rm is the mean radius of the interaction

. 19 -



(VI. PARTICLE DIANOSIS WITE CAGES)

space), the above observations check well with a previous report

concerning a similar configuration. 4

VI. DIAGNOSIS OF PIG DISCHARGE PARTICLES WITH CAGES

Suppose that the secondary-emission yield of the cathode-

material shown in Fig. 15 is relatively small and many electrons

anode
insulation

I 1,u cage

1 1"// cage hole

Il I i

/ill magnetic field
/11 i

tII\\,

cathode

-axis of syietry
Fig. 15.--Experimental scheme.

are supplied through ionization. Electrons must travel back and

forth many times along the lines of magnetic field before their

energy allows them to leave the interaction space between cathode

and anode.

As the first approximation, the electrons within a volume

element bounded by two surfaces of revolution defined by two ad-

jacent curved field-lines, which penetrate the cage-hole and are

rotated about the axis of symmetry, may be assumed to be in an

equilibrium state. Their density distribution along field lines

may be expressed as

n = no-exp [e0- IkT (3)

- 20 -
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where n is the density at the center of the above volume element

and 0 (2) is the potential for electron (positive) in reference

to the center of the some element at the distance L from the

reference point. If the velocity distribution is fhxwellian, no

should be expressed by the following relation, as far as the

dependence on the kinetic-enerU coponent parallel to field lines

is concerned:

no - 1o' (T) exp W ¶, /kT) dW,()

where W1/ means the coponent of the energ parallel to the field
and N(T) is a function of temperature.

When the cap. is biased by -Vb in reference to the cathode

potential and the cathode is at a potential -0 (to) relative to

the center of the volme element, the contribution to the cape

current from the sime element is proportional to the following in-

tegral, which is easily derived fiom consideration of Eqs. (3)

and (4):
I cage• N(T) exp e- 0 ( ý)/kT] 1. exp( - W// /kT) d W//

eVb

c [N(T)/T] exp [-e 0 (• 0 )/kT] ep [-e Vb/kT] (5)

The above expression permits the usual method for the measure-

ment of the electron temperature. The only requirement is to get

the I ce-Vb characteristics.

It has been implicitly assumed that the impressed voltage

between anode and cathode is constant with time. Even if the in-

stantaneous anode voltage changes with time slowly, compared to

the period of the electron motion along the magnetic field (so

that the distribution of electrons changes with time), the pro-

portionality between I and exp - [eVb/kT] never changes; but

the proportionality coefficient of Eq. (3) inst be replaced by an

appropriate integral value averaged with time.

If the secondary-emission yield of the cathode material is

quite higb and a htih vacuum is used, secondary electrons comprise

ý-21 -



(VIL CAM-CufUT CNARACTNRXTICS)
two groups. One is the true secondary group and the other is the

rediffused electron group.10 True secondary electrons usually

have low energ below a few tens of electron volts and their energy

distribution is nearly independent of the energ of the primary

electrons. Thus these electrons would be expected to constitute a

low-temperature group of electrons. The others, rediffused

electrons, have usually energies of the same order as the primaries

and the directions of their velocities are strongly scattered;

these electrons tend to constitute a high kinetic-temperature group.

Strong bunching action may promote temperature equalization between

the two groups.

Same consideration should be given to the relaxation time in

which the particles interact with each other through tvo-particle

interactions. The result of a calculation using the relations

given by Spitzer11 indicates that the relaxation time is much too

long to be of any use for plem heating by means of a P.I.G.-

discharge. Thus if we are to achieve plasma heating in a P.I.G.

discharge it must be done through a collective interaction similar

to that described above.

VII. CAM-COIMM CHARACEMXSTICS

For investigting the effect of a bias voltage on the current

to a probe, a cage is to be preferred to a filament, because

secondaries are eliminated, and because the effective surface area

does not change appreciably. The wave patterns an the oscilloscope

for the cage potential are similar to those for the anode noise in

Fig. 10 (a) to (e), and they do not change appreciably according

to whether the anode condenser is inserted or not.

Tpical examples for the no-bias cae-current characteristics

are shown in Fig. 16. If the anode voltage is increased from zero

for a fixed agnetic field (the current of the coil is fixed), the

current at Cage 2, vhich is farther from the center, builds up at

first and then decreases. Mwe higher voltage is required for the

building-up of the Ce 1 current as well as for that of the Cae 2

current, corresponding to the higher maganetic field. This tendency

-22-
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(vii. CAU-CMUM cKAPAM MsIcs)

su8gests that the path of the P.I.G.-discbarge current along the

magnetic-field lines may be modified a little by the circulating

electron-besa current. A simple calculation shows tist the abso-

lute value of the field caused by the circulating current amounts

to only a fraction of 1 per cent of the externally applied field.

However, the percentage may increase appreciably if only the radial

component of the field is considered, which is mainly responsible

for the curvature modification. This phenomenon makes the measure-

ment of the electron temperature difficult.

Figure 17 plots the cage-current characteristics versus mag-

netic field, and also illustrates the effect of the cage bias

voltage. It can be easily seen that a high electron kinetic
0.41cage

(.T x 10o" m, of Ng (•2 gas)
0.3 Vd = 2kv

ja 1U0.2

Ca ge 2 b

0.1-•/
OA.

0.5,

I -- -- -0b 0

0. 1 b0.56

Fig. 17.--Cae current vs mae•tic field for (ss-2.4).
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x 200

0.5 '

;?0 *

0.2 0 ..

00
500 1000

Negative bias voltage Vb (v)

Fig. 18.--ftsmples of cage-current bias-voltage characteristics.

temperature is produced at specific values of both low and high

magnetic field.

Same examples of the bias-voltage dependence of the cage

current are shown in Fig. 18, where the electron kinetic tempera-

tures are calculated fro the curve slopes and recorded. The

values of the electron temperature and the cag current at zero

bias voltage allow the approximte estimate of the position where

the interaction between electrodes takes place, if the electron

- 25 -
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density at the place is assumed to be around the sawe as that for

a lazinar-flow state (for example, see Ref. 3). The results are

also recorded in Fig. 18 in terms of 0, which expresses the ratio

of the potential at the interaction place (where the cage current
originates) to the anode potential, with the cathode potential

taken as zero. A higher temperature for a given anode voltage

corresponds to a larger value of 0. However, the position is still

always in the vicinity of the cathode for the (SS-2.I) device.
Similar values of 0 are obtained from the data for the (88-1.1)

device, for which the cage current was observed only in the higher

magnetic-field region. As for the (Al-2.45) device, the values of
0 are found to be less than about 0.16. This result indicates that

the turbulence occurs near the cathode. These results are consistent
with a slipping-stream hypothesis.

VIII. ELECTRON KINETIC T4PERATURE

The electron kinetic temperature measured with the cage

current is particularly interesting if attention is directed to

the possibility of plamia heating. An electron may, for example,

get a sufficiently high kinetic energy for fusion purposes when it

moves along the curved field lines of a PIG discharge. Some fund-

amental information related to this possibility will be given below.

A typical example of the magnetic-field dependence of the

temperature under fixed anode voltage is illustrated in Fig. 19,
where two conspicuous peaks are found. One of the peaks is found

in a low6=apnetic-field region and the other is in a region of

high field. This tendency is the same as the I-V and noise char-
acteristics described previously. (For example, Fig. 9 was obtained

under very similar oonditions.)
The peak in the lover field region is usually observed at a

point close to the peak-noise coadition, which is found if the
anode condenser is not inserted. Mhe high-temperature and noise

peaks never coincide, however, which can be explained by the fact
that the high-voltaie anode noise causes the electrons to be drained

-26-
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VO

(ev) Va d -kv

p a 1.2x 10' =of Ng

Cap 2, SO-2.i

S/'/

lX

0 S
1%

00 1400O 10-0 igb0 -254

B(gauss)

Fig. 19.--Magnetic-field dependence of electron
temperature under a fixed anode voltage.

out, so that the time required for an electron to get to a high

temperature through mutual interaction is reduced. Several cpar-

isons between the temperatures measured with and without the anode

condenser were made and the result shows that no appreciable

difference is found betveen them. A little difference Is found,

however, between the temperatures measured with different cages.

The peak temperature found in the lower magnetic-field region

is plotted in Fig. 20, which also shows the corresponding B-Vd

characteristics. The data include those taken with and without

the anode condenser. The B-Vd characteristic corresponds approxi-

mately to B2/Vd - constant, as pointed out in the previous section

concerning the anode noise. The peak value of VT increases

approxin•ately linearly with anode voltage. A sharp temperature

peak is one of the features for the temperature characteristic

in the lover field region.

A broad peak is observed in the higher field region. TMhs

broad pea characteristic, as previously discussed, may be caused

by a variable plama layer which changas the effective separation

- 27 -
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150

VO

x
10

00

500- 1
S ix---0ap 2

Vd (kv)

B
(Sgauss)

500-*

0 10 2030

Vd (kv)

Fig. 20* -- Qusasteristloe for the peek eleatrom
tempersture In the lower amttic-fleld
region (80-2. 4).
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distamce betv~ee anode and cathode.

Sme of the data of the al1usime cathode are illustrated in

Figs. 21 and 22. Mwe are examples of the characteristics with a

VO

(ev)
500- .iC&P 1,9-,ý3 BUES Al-2.)&5

Fig. 21. --Anode-current depefndece of electroný
temperature for Al-cathode.

Id m 0-0.3n MP
Al-2.ii5

I~~ " I 5d(,)9

Fig. 22.--Anode-voltage dependience of electron
temperture for Al-cathode.
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fixed manetic field. The curve for 156 puss shows that the peak

temperature appears at the threshold of a strong manetroa-action

(that is, the current Increases owing to strong ordered motion),

but the temperature does not increase, probably becanse the high-

tmperature electrons are removed before their temperature can

increase any further. The difference between the temperatures

observed with different cages is not significant.

The correlations mong anode noise, frequency spectra for

tungsten-filment noise, no-bias cage-current characteristics, and

electron-kinetic temperature show that a single phenmenon is

probably responsible for all effects, and that this phenonenon can

be interpreted in terms of bunching action.

Additional evidence for the coincidence between a high kinetic

temperature and a strong bunching action is provided from the data

of a device with rf anode structure and Al-cathode. It was easier

to obtain a high kinetic temperature for the device with an rf

structure than for the one with a mooth-bore anode, which can be

correlated with the fact that bunches are more easily formed when

an rf structure is present.

IX. CATHODE DISSIPATION

The power dissipated at the cathode and the anode were measured

by observing the increase in temperature of the cooling water.

Because of the variability of the water flow and the comparatively

small amount of energy loss, reliable data are scarce for the

(SS-2.4) device. They are tabulated in Table 2. Te rate of the

cathode dissipation is usually of the order of 40 per cent and is

clearly higher for the peak electron-temperature condition described

in Fig. 20.

As for the (88-1.1) device, the results are shown in Figs.

23 and 24. If the observation is made under a fixed anode current,

the different states of operation, corresponding to the different

hlmps of Fri. 5 amn 6 (V -Id curves), have different rates of the

cathode dissipation. Along the curve corresponding to one particular

-30 -
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/
// Id m 0.5 amp (fixed)

Vd /, w 1.1 x 10 of Hg (H2 gas)

30 75 Cahd hetTa heat

(kv) (%/
0

20 5C-
d

I -s'

050 10010020
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Fig. 23,-Catode dissipation ve magnetic field for ( /5-1.1)

B 1250 gauss
B : 1250 ssusI 'd 0 5 am
pmlklxlO /

20 100 -,

/ Cathode hfat

I /

15 50 Cathode heat 15 50 Total heat

0 Total heat

10 0 t-10 0
(a)105 O 5 x 10o 10
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Fig. 23.--Cathode dissipation vs current end pressure

for (88-1.1).
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TABLE 2.--Cathode dissipation for (SS-2.1).

Vd B Cathode heat P
Total heat

(kv) (gauss) (M) (mm of g)

21 138 47.4J 2.2 x 10"4

24 .88 M2.4I 2.2 x 10"4

28 500 47.2 2.2 x 1o0"

28 519 41.2 2.2 x 10'4

24 475 44..3 2.4 x 10"
24 313 37.6 4. 8 x lO"4

mode, the rate of the cathode dissipation amounts to 70 per cent.

The regions of high cathode dissipation (Fig. 25) are corre-

lated to the regions of high temperature (Fig. 21). For the

alminum cathode, the rate of cathode dissipation Is quite low, of

the order of a fey tens of 1 per cent. In other vords, a higher

yield of secondary mission from the cathode corresponds to a

lover voltage and therefore correspondingly lower turbulent velo-

cities.

Figures 23 and 25 both indicate that the magnetron operation

may take place in quite different space-charge configurations at

the different regions of the magnetic field. The critical values

of the field may depend on the device itself.

X. OPTDEIZATKON OF UM SNI-IN29RACTION OF W EIZCMI

A. 51nG1 UM0 O OR OPIMD AF0U V0IRAE AID N&AG IC FINM
FORE am SW-INTZR& ON OF LICVN E• M

Me guiding center of an electron obeys two kinds of motion:

a drift perpendicular to the crossed field (vith a velocity pro-

portional to Vd/B) and a P.1.G.-discharge motion along the field

lines (for vhich the oscillation period is inversely proportional
to Vd. Since charge accumulation is necessazy for a strong

32o
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4o

Cathode heat h

Total heat
625 gauss

M 330
> 0----~~ 0--06gauss

20

313 gauss

1 2 3 5

Fig. 25.--Cathods dissipation vs current
for (Al-2.45).

interaction of the electrons, it may be required for an electron

to travel as long a distance as possible while it stays at the

active interaction space. In other words, the product of Vd/B

and V d-/2 should be as large as possible, unless otherwise limited.

The resulting factor, V Vd/B, is easily found to be proportional

t-) Irc , where rc is the cyclotron radius for electrons in the

interaction space with no space charge.

A second requirement is that the total volume occupied by

electrons should be made as large as possible. Clearly the volume

occupied by guiding centers is proportional to (d - 2rc), where

d is the separation distance of the electrodes.

We therefore expect the maximum interaction when the product

r c(d 2rc) is maximized. Thus the following relation is

introduced for the optimum interaction:
r M d/6 (6)

which reduces to
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/ 6Vf

,17d2

where 71 - e/m. The voltage given by Eq. (7) corresponds to one

third of the cutoff voltage of a planar magnetron. Equation (6)

can also be written

da6r - 2Xr
C C

As has been described in See. V, the distance between bunches may

be of the some order as the separation distance between electrodes.

Equation (6) gives the condition that the bunch distance is approxi-

mately equal to the length of the cyclotron circumference of an

electron.

A comparison of the theory with the experimental results is

shown in Fig. 26. The peak electron temperature (from Fig. 20)

is assumed to be a measure of the peak interaction.

B. ELEVANCZ OF 0TE 2ON3 Y OF CROSSID-FIELD 1OIMS WIN 7XC R DEWAS

According to the theory of the diocotron effect for a slipping

bem12 the rate of growth of a disturbance with distance is a

maximu for the approximate condition

2X 0.8 (8)
Xb

where a is the beam thickness and X b is the wavelength of the

p-owing space-charge wave.

For an estimate of a , the space-charge picture in a laminar-

flow state may be considered. As has been described in See. X-A,

the optimum anode voltage is about 1/3 of the cutoff voltage.

MUder this condition, 0 is rougbly equal to r , the cyclotron radius

in the interaction space without space ehargs;3 Xb may be assumed

to be approximately equal to d. With the above considerations we

derive from Eq. (8) the relation between the anode voltage and

magnetic field for maximu owvth:

-3k-
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f (9)
0V.8,q

The results calculated from Eq. (9) are also shown in Fig. 26.

Good agreement with the experimental data is found, despite the

fact that the assumptions were based on a planar magnetron model.
Bf

6M.- Experimental Results on Peak Electron Temperature

4000 20 30C m

Vf2Kkv)

C•. AN 8PLdT

20 d 6 V.

0 10 20 30
V f(kv)

Fig. 26.--Optimum relation between Vf and Bf
for nagnetron action.

C. AN APPLICATION

The preceding results give a method for the determination of

the operating voltage and magnetic field in the lover magnetic-field

region. Suppose the rf structure has a resonant frequency of f

and a space-charge wavelength X a which is determined by the

periodicity of the rf structure. The synchronism condition for

the electron drift velocity gives approximately

Xas fa " Vd/Bd

and in accordance with sq. (9)

Vd . (0.8/2X) 71d %2

- 35 -



(XI. CONCLUSION)

The above expressions determine the optimum Vd and B for a given

structure. (Though best operation is expected for the structure

with X w d, where d is the anode-cathode spacing, the voltage5

and magnetic field can be optimized even when this condition is

not satisfied. ) A relatively successful anode structure has been

designed at this Laboratory for which f = 145 Mc, ', = 5.8 cm,a s

and d = 1 cm. The frnrmulas give B = 380 gauss and Vd = 3.2 kv as

the result from the above relations. These values coincide well

with the optimum operatingcondition obtained experimentally.

XI. CONCLUSION

The use of a stainless-steel cathode has provided a better

understanding of cold-cathode magnetrons.

The kinetic temperature of the electrors in the space-charge

sheath of a plasma magnetron appears to be ;roduced mainly by the

turbulence due to the diocotron effect, w.ich leads to the formation

of bunches. Calculations indicate that scattering owing to collisions

is not sufficient to randomize the ordered motion of the P.I.G.

discharge.

There are at least two kinds of modes uith which the electrons

can achieve a peak kinetic temperature. One mode is related to a

relatively low magnetic field. Equation (7) cr (9) gives the

optimum relations among the anode voltage, the magnetic field, and

the electrode separation. The other mode is concerned with a

relatively higher magnetic field, where the cyclotron radius of

an ion decreases appreciably, so that a plasma may be formed above

the surface of the cathode, and the optimum voltage is approximately

proportional to the magnetic field.

The conditions for peak temperature are intimately related

to bunch formation and maximum magnetron-type amplification.

The wavelength of the space-charge wave in the interaction space

is found to be the same as the separation distance between electrodes.

It has been proved experimentally that the previous theory

for the growth of a space-charge wave owing to the diocotron
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effect for a thick slipping-stream beam gives accurate results.12

Sufficient secondary emission can lower the operating anode

voltage for a given current. If the rf structure of the anode

does not coincide with the mode of the smooth cylindrical structure,

it may be expected that some Jump phenomena between modes occur,

which correspond to bumps in Figs. 5 and 6.
There are still some important problems to be considered

before either of the electrodes can be replaced with a plasma for

the purpose of studying an ion-sheath that might exist. The mode

in the higher magnetic-field region has not been explored

sufficiently because of the limitation of the voltage or the

magnetic field available. The higher magnetic-field region is

probably the more interesting one with respect to plasma confine-

ment problems.
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